Abbreviations: APX, ascorbate peroxidase; KD, knockdown; PSI, photosystem I; PSII, photosystem II; SOD, superoxide dismutase.
Dissipation of excess energy absorbed by the photosynthetic apparatus is a fundamental process, essential for the survival of almost all photosynthetic organisms. It prevents photooxidative damage that occurs when excited chlorophyll molecules improperly transfer their higher energy state to oxygen or neighboring molecules and convert them into reactive molecules or toxic radicals (1) (2) (3) . This process is especially crucial when CO 2 fixation is limited due to environmental conditions such as cold or drought. Under these conditions the energy absorbed by the photosynthetic apparatus cannot be channeled into the reduction of CO 2 and photooxidative damage may occur (4) .
Maintaining electron flow through the photosynthetic membrane, even under stressful conditions, is therefore vital for preventing damage to plant cells (2) . A number of different pathways are thought to cooperate in protecting the photosynthetic apparatus from photooxidative stress. These include the zeaxanthin cycle that directly protects the antenna molecules, and cyclic electron flow and the water-water cycle that shunt electrons through the photosynthetic apparatus and maintain the pH gradient in the chloroplast, essential for the function of the zeaxanthin cycle (1, 2).
The water-water cycle channels electrons obtained from the splitting of water molecules at photosystem II (PSII) through the photosynthetic apparatus. These electrons are transferred to oxygen by photosystem I (PSI) and result in the formation of superoxide radicals (O 2 -; 5). A membrane-attached cupper/zinc superoxide dismutase (Cu/ZnSOD) converts the superoxide radicals into hydrogen peroxide and a membranebound ascorbate peroxidase (thylakoid-APX) converts the hydrogen peroxide back into water. Ascorbic acid, used by the thylakoid-bound APX as a reductent, is converted during this process into ascorbic acid radical (monodehydroascorbate) and this radical is by guest on November 19, 2017 http://www.jbc.org/ Downloaded from reduced back to ascorbic acid by ferredoxin, using electrons from PSI. The water-water cycle maintains therefore electron flow through the photosynthetic apparatus even when CO 2 fixation is limited or inhibited. It completes the cycle of electrons from one water molecule at PSII to another water molecule, the product of a peroxidase reaction, at close proximity to PSI. Thus, it maintains proton pumping across the thylakoid membrane by electron flow through plastoquinone (1, 2) .
Although the role of the water-water cycle was inferred from a number of different biochemical and physiological studies, genetic evidence supporting the function of this pathway in protecting chloroplasts is very limited. A number of studies have shown that enhancing the expression of the thylakoid-attached CuZnSOD, or the thylakoid-bound APX, enhances abiotic stress tolerance of transgenic plants (6, 7) .
However, loss of function studies for these two enzymes were not published and the role of the water-water cycle in maintaining chloroplast functions in the absence of environmental stresses was not documented, possibly because the loss of function of these enzymes is lethal (7) . The role of the water-water cycle in protecting the photosynthetic apparatus was also challenged by a number of studies claiming that the amount of electrons transferred through this pathway is very small and not sufficient to protect the chloroplast from photooxidative stress (2) . To study the function of the waterwater cycle in plants we characterized knockdown Arabidopsis plants with suppressed expression of thylakoid-attached Cu/ZnSOD. Our studies reveal that the water-water pathway is essential for the protection of chloroplasts, even in the absence of environmental stress conditions that limit the availability of the electron acceptor NADP+ in chloroplasts. Developmental characterization of KD-SOD plants revealed that they were delayed by at least 3 days in their flowering, however they produced fertile seeds (Table 1 Physiological and biochemical characterization of KD-SOD plants ( Fig. 1D) revealed that they had a suppressed rate of photosynthesis and a lower level of chlorophyll. However, the content of oxidized proteins, a measure of oxidative stress (12) was not significantly different between KD-SOD plants and wild type plants, and the level of reduced glutathione (GSH) was only slightly elevated in KD-SOD plants. Structural analysis of KD-SOD and wild type plants using young leaves of similar age and size revealed that although the mesophyll cells of KD-SOD plants were larger than those of wild type, the chloroplasts of KD-SOD plants were smaller (Fig. 2 ). In addition, the granal thylakoids of KD-SOD chloroplasts were less organized and contained fewer stacks. We could not however find any additional differences in cell structure between KD-SOD plants and wild type plants, and chloroplasts of KD-SOD contained starch grains (not shown).
Global analysis of transcript expression (Arabidopsis 22,000-gene ATH1 chips)
in wild type and KD-SOD plants, grown under controlled conditions, revealed that the suppression of chl-CuZnSOD resulted in the induction of two different transcripts encoding chloroplastic iron superoxide dismutase (FeSOD), and two transcripts encoding catalase (CAT1 and CAT3). In addition, a transcript encoding ferritin was upregulated (Table 1 ). In contrast, transcripts encoding thylakoid-APX, 2-cys peroxiredoxin (a possible peroxidase involved in the water-water cycle; 16), chloroplastic and cytosolic glutathione reductase, and an NADPH oxidase were suppressed in KD-SOD plants (Table 1) .
The global expression profile of KD-SOD plants revealed a high degree of similarity to that of cyanobacterial cells exposed to high light stress (Table 2; (Table 1) , and the oxygenevolving complex (7 different transcripts), ferredoxin-NADP+ reductase, and PSI subunit II (Table 2) .
To test whether the suppression of chl-CuZnSOD resulted in greater susceptibility of KD-SOD plants to oxidative stress, not directly involving the water-water cycle, we subjected wild type plants, knockout plants deficient in cytosolic Apx1 (KO-APX; a control for plants that are less tolerant to oxidative stress; 11), and KD-SOD plants to an oxidative stress assay based on measuring the % germination and root length of seedlings germinated on agar plates in the presence of the superoxide-generating agent paraquat.
As shown in Fig. 3 , KD-SOD plants were more resistant to this treatment than wild type plants. Thus, compared to wild type plants they germinated and were able to maintain their root growth at higher concentrations of paraquat. In contrast, knockout-Apx1 plants (KO-APX) plants were retarded in their germination rate compared to wild type plants. 
DISCUSSION
Our analyses of KD-SOD plants suggest that the water-water cycle is essential for the protection of chloroplasts. Thus, KD-SOD plants grown under controlled conditions were impaired in their growth and had a lower rate of photosynthetic activity (Fig. 1) .
Although the suppression of chl-CuZnSOD did not alter chloroplast development, similar to some mutants deficient in the protection of chloroplasts from photooxidative damage (18), the chloroplasts of KD-SOD plants were smaller and contained fewer stacks of granal thylakoids (Fig. 3 ). Global analysis of gene expression in KD-SOD plants revealed that the response of plants to the suppression of chl-CuZnSOD, under controlled conditions, was similar to that of photosynthetic cells subjected to light stress (Table 2; 17, 19). Thus, changes in transcript expression in KD-SOD plants were consistent with alterations to the photosynthetic apparatus aimed at lowering the amount of energy absorbed by the thylakoids (e.g., suppression of antenna proteins). In addition, KD-SOD plants accumulated anthocyanins (Table 2) . However, not all transcripts enhanced during light stress in plants were upregulated in KD-SOD plants. Thus, APX1 and APX2 (3, 11, 19) were not significantly induced in KD-SOD plants, possibly because KD-SOD plants were acclimated to the absence of chl-CuZnSOD (as opposed to wild type plants maintained at low light and subjected to a high light treatment). The similarities observed between the response of plants to chl-CuZnSOD suppression (Table 1 and Table 2 ).
The co-suppression of different components of the water-water cycle in KD-SOD plants (Tables 1 and 2 ) suggest that different transcripts encoding different members of this cycle are regulated as a pathway. Interestingly, the induction of catalases (CAT1 and CAT2) and chloroplastic FeSODs (Table 1) could not compensate for the suppression of chl-CuZnSOD. This finding suggests that the localization of chl-CuZnSOD, attached to the thylakoid membrane at the vicinity of PSI (1), is crucial for its function in the waterwater cycle. This hypothesis is supported by the finding that the oxidative stress pathway(s), that could not compensate for chl-CuZnSOD function in the water-water cycle (possibly involving FeSODs and catalases; Table 1 ), appeared to enhance the resistance of KD-SOD seedlings to oxidative stress induced by paraquat (Fig. 3) . Root growth and % germination, used for this assay (Fig. 3) , are not likely to be directly dependent upon the function of the water-water cycle since germinating seedlings mainly relay on storage tissue for growth and development. The differential sensitivity of KD-SOD plants to the different conditions/treatments, i.e., light stress in the chloroplast ( Fig.   1 ; Table 2 ) versus paraquat stress in roots and germinating seedlings ( Fig. 3) ,
demonstrates the specificity of chl-CuZnSOD and the water-water cycle for the defense of chloroplasts against over-reduction of the photosynthetic apparatus. Thus, the phenotype of KD-SOD that could be reversed by growth at low light ( Fig. 1 .,
Supplementary Material) could not be reversed by the induction of chloroplastic FeSODs and catalases (Table 1) .
by guest on November 19, 2017
http://www.jbc.org/
Downloaded from
The suppression of chl-CuZnSOD in KD-SOD plants was not complete (Fig. 1 ). It is possible that a complete suppression of this enzyme (i.e., a true knockout) is lethal to plants. In this respect it should be noted that unsuccessful attempts to suppress thylakoid-APX, an additional component of the water-water cycle, by antisense expression led researchers to speculate that this enzyme is crucial for chloroplast protection (7).
Although we could not determine from our studies what fraction of electron flow through the thylakoid membrane is mediated by the water-water cycle, by the cyclic electron flow pathway, or by regular electron flow, it is clear that in the absence of catalase in chloroplasts, the majority of electrons donated to oxygen at PSI and disproportionated by chl-CuZnSOD to hydrogen peroxide would be turned into water by a peroxidase reaction (1, 16) . Thus, the suppression of chl-CuZnSOD would directly reduce the action of the water-water pathway, and the suppression of photosynthesis and growth in KD-SOD plants, under controlled conditions, could be directly attributed to the suppression of the water-water cycle. However, it is also possible that superoxide radicals, not scavenged by chl-CuZnSOD (and by the induced FeSODs in KD-SOD plants), damage the photosynthetic apparatus and result in the suppression of photosynthesis and growth (20).
Nevertheless, the production of these superoxide radicals is a direct result of electrons flowing through the water-water cycle and not through the cyclic electron flow pathway.
Moreover, the cyclic electron flow pathway could not compensate for the deficiency in chl-CuZnSOD ( Fig. 1) , suggesting that the water-water pathway and the cyclic electron flow pathway are not fully redundant in their capability to protect the photosynthetic apparatus.
One of the transcripts suppressed in KD-SOD plants is a transcript encoding the superoxide-producing enzyme NADPH oxidase (Table 1) . It was recently shown that NADPH oxidases function in cells even in the absence of stress or pathogen attack (21, 22 ). Although it is not clear how the suppression of a thylakoid-attached SOD affects the expression of a plasma membrane-bound NADPH oxidase, the link between these two transcripts might suggest that a global cellular network regulates in plants the overall production and scavenging of reactive oxygen intermediates such as superoxide radicals.
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